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We investigate the energy spectrum and the electron dynamics of a band in a semiconductor superlattice
as a function of the electric field. Linear optical spectroscopy shows that, for high fields, the well-known
localization of the Bloch states is followed by a field-induced delocalization, associated with Zener
breakdown. Using time-resolved measurements, we observe Bloch oscillations in a regime where they
are damped by Zener breakdown.
DOI: 10.1103/PhysRevLett.86.1307 PACS numbers: 73.21.–b, 72.20.Ht, 78.47.+p, 78.66.–wHigh-field transport in solids has been investigated for
many decades due to the basic interest in the physical phe-
nomena involved and due to many important applications.
Initially, the investigations were concentrated on the un-
derstanding of the electrical breakdown. A key theoretical
contribution was made by Zener [1] who showed —based
on Bloch’s work on the motion of an electron wave packet
in a solid [2]—that the onset of electrical breakdown could
be related to the transition of the carriers from the valence
band to higher bands (Zener tunneling).
A long-standing debate has focused on the electronic
structure of a periodic potential in an electric field. In 1960,
Wannier [3] discovered that the energy spectrum of a Bloch
electron in an electric field F consists of equally spaced
eigenvalues with energies En  E0 1 neFd, where n
is an integer and d is the lattice spacing. However, he also
argued that the eigenfunctions cannot be normalized and
should therefore not lead to stationary states. On the other
hand, the most common approximations, the discrete
model [4,5], the closely related tight-binding model [6],
and the one-band approximation [7,8], lead to localized
wave functions, and it was a common belief for a long
time that the spectrum of a Bloch electron in an electric
field is discrete. This assumption was questioned by Zak
[9] and, eventually, the continuous nature of the spectrum
was rigorously established by Avron et al. [10]. Never-
theless, from the practical point of view, the notion of
“Wannier-Stark resonances” is justified when the lifetime
broadening is much smaller than the level spacing [11].
The invention of the semiconductor superlattice (SL) in
1970 [12] has allowed one to obtain key experimental re-
sults like the observation of negative differential velocity
[13], of the Wannier-Stark ladder (WSL) with energy dif-
ferences En in the linear optical spectra [14], and of Bloch
oscillations (BO) [15], including the observation of tunable
far-infrared emission [16] and the harmonic spatial motion
[17]. As an alternative system, atoms in light lattices have
recently been used to observe Bloch oscillations [18] and
Zener tunneling [19].0031-90070186(7)1307(4)$15.00 ©During the last few years, effects based on the interac-
tion of several bands have been explored. Resonant cou-
pling of different Stark ladders was reported in experiment
[20,21] and theory [22]. Zener breakdown in SL was
explored theoretically [23], and recently, interminiband
Zener tunneling was observed experimentally in the trans-
port properties of superlattices [24]. Zener resonances in
a SL with weakly coupled first miniband were observed
in the intraband absorption [25]. The dynamics of indi-
vidual carriers in SL at very high fields are experimentally
unexplored. While Bloch oscillations of the carriers have
been measured in the low-to-medium-field regime where
the coupling of different bands is less important, data about
the dynamics of carriers in the regime of Zener breakdown
have not been reported.
In this Letter, we show that Zener breakdown can be ob-
served in the interband optical spectra of semiconductor
superlattices. We show that the field-induced Wannier-
Stark localization (which is a single-band process) ob-
served in many experiments is followed by a field-induced
delocalization to the continuum (which is a multiband pro-
cess). This delocalization is associated with Zener break-
down as observed by a decrease in oscillator strength and
an increase in linewidth. By using shallow superlattices
with only one electron miniband in the below-barrier re-
gion, we are able to directly address the effects of coupling
of a localized state to the above-barrier continuum. Us-
ing pump-probe experiments, we explore for the first time
Bloch oscillations in a regime where damping by Zener
tunneling to the continuum prevails. It turns out that the
Zener tunneling rate is pronouncedly different for a wave
packet and a stationary state.
Shallow well heterostructures have been investigated
from an application point of view for some time [26,27].
Here we use such samples to directly observe Zener break-
down due to tunneling to unbound states of above-barrier
subbands [28]. We show data from two representative
samples: sample A, a 7639 Å GaAsAl0.08Ga0.92As SL,
and sample B, a 5054 Å GaAsAl0.11Ga0.89As SL. The2001 The American Physical Society 1307
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band (MB) width D  2830 meV, second MB width
102130 meV, and gap between first and second MB
3455 meV. The ratio eFdD is 0.82, 1.64, and 2.46
for fields of 20, 40, and 60 kVcm, respectively, for
sample A. Values for sample B are virtually identical.
Figure 1(a) displays the experimentally observed absorp-
tion as a function of photon energy and bias field for
sample A, taken at 10 K. The absorption has been differ-
entiated with respect to the energy in order to improve the
visibility of weak transitions. For fields up to 25 kVcm,
the spectra show the usual WSL both for heavy holes (hh)
and light holes (lh), as observed previously [14]. For
higher fields, the vertical n  0 heavy-hole (hh0) transi-
tion becomes pronounced due to field-induced localiza-
tion. For fields larger than about 60 kVcm, the transition
rapidly disappears.
Our theoretical modeling of the linear absorption [29] is
based on the stationary Schrödinger equations
FIG. 1. (a) Gray-scale map of the differentiated absorption of
shallow superlattice sample A as a function of electric field and
photon energy. (b) Gray-scale map of the differentiated optical
density of shallow superlattice sample A calculated using the
theory described in the text. In both figures, strong anticrossings
of the hh0 transition with above-barrier transitions are labeled by
arrows.1308∑
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describing the individual states of electrons (e) and holes
(h) within the periodic SL potentials Ue,h subjected to
a homogeneous electric field F. According to Fermi’s
golden rule the one-dimensional optical density of states
takes the form
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The free-particle absorption, which also accounts for
the in-plane motion, is proportional to the integralRv
2` dv
0 Dv0. However, the function Dv is better
suited for comparison with experimental absorption spec-
tra, because the maxima of D are a good orientation for
the location of the excitonic transitions (see, e.g., Fig. 4
in [30]).
Figure 1(b) shows the computed differential absorption
[dDvdv] of sample A. For low fields, the usual WSL
ladder is visible. In the field region of 20 to 40 kVcm,
several anticrossings of the hh0 transition are visible in
both theory (b) and experiment (a). These are anticrossings
with the Stark ladder of the second e and hh transitions.
Although this is already a transition to an above-barrier
state, there are still signatures of a Wannier-Stark ladder
in the optical spectrum. Because of the large bandwidth
and a nearly parabolic dispersion, the associated states are
delocalized.
For higher fields, the nature of the delocalization of the
electron envelope wave function changes. The coupling to
a continuum of above-barrier states leads to the delocal-
ization which is clearly visible in the linear spectra: The
oscillator strength of the transitions quickly disappears due
to electron delocalization, in agreement with experiment.
We note that the inclusion of an infinite number of bands
in the theory is essential to obtain the very good agreement
between experiment and theory.
Figure 2 displays three exemplary experimental absorp-
tion spectra of sample A, showing how the increase of the
WSL transition strength for lower fields is followed by a
decrease. The inset gives the corresponding wave func-
tions derived from theory.
Figure 3 plots the relative oscillator strength of the hh0
transition versus electric field. For low fields, the oscillator
strength increases due to the increasing localization, as pre-
viously observed. For higher fields, there are resonances
due to anticrossings, marked by arrows corresponding to
those in Fig. 1. The oscillator strength then saturates and
finally decreases due to the field-induced delocalization.
It is important to note that this delocalization is not due to
resonant coupling to localized states in neighboring wells,
as discussed previously [20,21]. Instead, it is delocaliza-
tion due to coupling to continuum states above the barriers.
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FIG. 2. (a) Absorption spectra of sample A at different fields.
Inset: Calculated electron wave functions.
The analysis of the full width at half maximum of the hh0
transition (not shown) underlines the above discussion. Ini-
tially, the linewidth is slowly increasing with field. In the
high-field region, it starts to increase much more rapidly,
indicating the delocalization of the wave function which is
associated with a strong increase of the Zener transfer of
carriers to the continuum [31].
We use two different time-resolved techniques to address
the dynamics in the Zener breakdown regime: Pump-probe
(PP) experiments [32] are used to study the intraband
dynamics of Bloch-oscillating wave packets in sample B
[33]. The inset of Fig. 4(a) shows typical traces which
display the modulation due to BO. The damping of the
Bloch wave packets (intraband damping) is determined by
fitting the damping of the signal modulation. Figure 4(a)
shows the intraband decay time T12 as a function of the
field: For fields up to about 20 kVcm, decay times de-
pend only weakly on the field. Then, there is suddenly
10 20 30 40 50 60 70
3
4
5
6
7
8K
hh0
O
sc
illa
to
r s
tre
ng
th
 (a
rb.
 
u
.)
Internal Field (kV/cm)
FIG. 3. Oscillator strength of sample A as a function of field.
The arrows correspond to those in Fig. 1.a threshold where the BO become very strongly damped
and the decay time drops within 5 kVcm to about 160 fs
[34]. In the linear spectra, this threshold is associated
with an anticrossing of the hh0 transition with a con-
tinuum resonance: Obviously, we observe here for the
first time the damping of BO due to Zener breakdown.
This effect is masked in deep SL by interface and phonon
scattering [35].
We have simulated these experiments using a direct nu-
merical solution of the semiconductor Bloch equations
(SBE). In particular, in order to properly describe Zener-
tunneling processes in the high-field regime, the gener-
alized SBE formulation in [35] (i.e., including intra- as
well as interminiband electric-field contributions) has been
employed. The results confirm the presence of coherent
Zener tunneling of electrons into the continuum, which in-
creases with increasing field. The lower inset of Fig. 4(a)
shows typical computed BO traces below (20 kVcm) and
20 40 60 80
100
200
300
400
500
600
700
800
900 8K
Internal Field (kV/cm)
D
ep
ha
si
ng
 T
im
e 
T 2
 
(fs
)
-0.4 0.0 0.4 0.8 1.2
Delay [ps]
lo
g 1
0(T
iFW
M)
95kV/cm
50 kV/cm
hh0
(b)
0.0 0.2
 
PP
 s
ig
na
l [a
.u.
] F=20 kV/cm
0.1 0.3
theory F=33 kV/cm
5 10 15 20 25
100
200
300
400
500
600
700
800
900
1000
1100
Delay [ps] (a)
experiment8K
 
In
tra
ba
nd
 D
ec
ay
 ti
m
e 
T 1
2 
 
(fs
)
Internal Field (kV/cm)
0 1 2 3
F =   5 kV/cm
F = 13 kV/cm
F = 24 kV/cm
pu
m
p 
pr
ob
e 
si
g.
 
[a.
u.]
Delay [ps]
FIG. 4. (a) Intraband decay time T12 as a function of field
for sample B. Upper inset: Typical experimental pump-probe
traces; Lower inset: Theoretical intraband traces. (b) Interband
dephasing time T2 (assuming homogeneous broadening) as a
function of electric field for sample B. Inset: Typical four-wave
mixing traces and pulse autocorrelation.1309
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undamped; above, we see a very fast decay due to reso-
nant Zener tunneling with a decay time of about 200 fs,
close to the experimental value of about 160 fs. The theo-
retical decay times exhibit a step behavior similar to those
observed in the experiment, but with a somewhat larger
threshold field. This discrepancy can be ascribed to a num-
ber of phenomena not included in our theoretical model-
ing, e.g., intra- as well as interband Coulomb effects, band
nonparabolicity, etc.
For comparison, we have also measured in sample B the
interband coherence between the electron and hole of the
hh0 transition using transient four-wave mixing with reso-
nant excitation of the hh0 transition. The interband
polarization decay will reflect the electron tunneling to the
continuum, since the holes are much more localized. Fig-
ure 4(b) shows the field dependence of the dephasing time
T2. For higher fields, when coupling to the continuum
becomes important, the dephasing time decreases continu-
ously, in agreement with the strong increase of the line
broadening. In further work, it would be interesting to
study BO damping in this high-field, continuum break-
down regime. However, this is not possible for the
structures studied here since the BO wave packet excita-
tion is limited to fields of about 35 kVcm.
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